Based on previous work studying complex microreactors, it was desired to further improve the mixing efficiency by varying the mixing unit design for fast liquid-liquid reactions. Different flow regimes were studied, including slug flow, parallel flow, and drop flow. The two-phase hydrolysis of 4-nitrophenyl acetate in sodium hydroxide solution was used to evaluate the overall volumetric mass transfer coefficients (K org a) as a function of the average rate of energy dissipation (ε) for each microreactor design and all flow regimes. The liquid-liquid systems investigated used n-butanol or toluene as the organic phase solvent and a 0.5-M NaOH aqueous solution. The use of surfactant was also investigated with the toluenewater system. All microreactor geometry designs were based on contraction-expansion repeating units with asymmetric obstacles to aid the breakup of slugs and desynchronize the recombination of split streams. The investigated designs were chosen to avoid the formation of the parallel flow regime, contrary to curvature-based mixing-unit designs. The microreactor design can then be optimized to reduce the ε required to reach drop flow, since K org a has been found to be constant at equal ε for a given solvent system in this flow regime, regardless of the reactor selection. Additionally, the "3/7th" scaleup rule was applied and confirmed with the LL-Triangle mixer. It was found that, for low interfacial-tension systems (i.e., n-butanol-water), the onset of drop flow occurred at a lower ε for the LL-Triangle mixer when compared with the Sickle or LL-Rhombus mixers.
Introduction
In the past 10 years, flow technologies have become an ever more popular field of study in the fine chemical and pharmaceutical industries [1] . Continuous flow is an attractive alternative to conventional batch processing with a number of benefits, namely, process intensification via higher operating pressures and temperatures and the increased surface-to-volume ratios involved with miniaturization (microreactors). While these advantages have been studied extensively in single-phase systems [1] [2] [3] [4] [5] [6] [7] , much of the research on multiphase systems [7] [8] [9] [10] involves slug or parallel flow regimes where interphase mass transfer is relatively slow.
Previous work [11] [12] [13] [14] [15] [16] [17] studied the effects of using passive micromixing structures to increase the mass transfer rate between two immiscible phases in flow ranges that would have otherwise been in the slug flow regime for a similar-sized capillary reactor. A micromixer-based reactor was shown to be well suited for fast liquid-liquid reactions [14] (i.e., mass or heat transfer limited with reaction times in the millisecond to second range). Plouffe et al. further investigated the dependency of flow regimes on solventpair selection [12] and micromixer structure [11] . It was found that systems with low interfacial tension could transition from slug, to parallel, and then to drop flow regime with increasing flow rates, whereas systems with higher interfacial tension would not favor the parallel flow regime to form. Slug flow was shown to have an increasing overall volumetric mass transfer coefficient (K org a) with flow while the transition from slug to parallel flow would cause a significant drop in K org a due to the decreased surface area available for interphase mass transfer. The drop flow regime was found to have the highest K org a and would only increase with flow. In the study involving various reactor geometries [11] , it was also shown that K org a is only a function of the average rate of energy dissipation (ε) and solvent pair once the flow has reached the drop flow regime, independent of reactor geometry, indicating that an ideal micromixer for fast liquidliquid reactions must achieve drop flow at the lowest possible ε. While investigating various mechanisms of mixing in micromixer, it was found that curvature-based micromixers could allow for the formation of a parallel flow regime while this was avoided in obstacle-based micromixers. Parallel flow is caused by the difference in densities between the two phases, where the denser phase would be forced to the outer edge of the curve due to centrifugal forces. When an increased rate of interphase mass transfer is desired, parallel flow should be avoided due to the reduced internal circulation in each phase, along with the reduced specific area available for mass transfer when compared with slug or drop flow regimes.
This work investigates the LL-Rhombus and LL-Triangle micromixers, which are designed as modifications to the Sickle mixer with reduced curvature while keeping a contraction-expansion and obstacle as primary modes of energy dissipation. The only difference between the LL-Rhombus and LL-Triangle (which is shown in Figure 1 ) is the obstacle shape, where the rhombus has a more hydrodynamic shape with a cutting angle of 42°and the triangle has an abrupt wall at a 90°angle towards the flow direction. The use of an obstacle with an angle greater than 90°and reverting flow in the opposite direction [18] was avoided as it could generate parallel flow under some conditions [11] . Another LL mixer without obstacle was tested to confirm that an obstacle is beneficial for more efficient mixing than solely relying on the contraction-expansion.
Results and Discussion
All four geometries studied and the specifications of their reactor plates can be found in Table 1 . The micromixers were manufactured as exchangeable plates onto a FlowPlate® Lab (size A7, seen in Figure 2 ) reactor unit, which allows for visualization of the flow regimes through a glass viewport. Size 600 micromixers have a hydraulic diameter measured at the narrowest contraction, d h , of 286 μm (width of 0.2 mm, depth of 0.5 mm). Scaled-up versions of the LL-Rhombus and LL-Triangle were also studied, and the specifications of these reactor plates can be found in Table 2 . The size 300 mixers were designed with a d h of 714 μm (width of 0.5 mm, depth of 1.25 mm), a diameter that allows for roughly a 10× scale-up of flow rate for constant energy dissipation [13] . An example of both reactor plate scales can be seen in Figure 3 . Note that the term reactor plate refers to an entire reactor with multiple micromixers, while mixer or mixing unit relates to a particular mixing element.
The first study compares the different geometries at the smaller scale, size 600, both visually and analytically using the alkaline hydrolysis of 4-nitrophenyl acetate. The product of the reaction, sodium 4-nitrophenolate, colors the aqueous phase yellow and allows visual distinction between the two phases and qualitatively the extent of the reaction. Toluene-water and n-butanol-water systems were chosen as the initially tested solvent pairs due to their widely different physical properties as shown in Table 6 . Toluene-water represents a high interfacial tension system with low solubility in water (0.01 mol%) whereas n-butanol-water has a much lower interfacial tension and greater solubility (1.88 mol%). Using these solvents allows for the evaluation of the geometries across a wide range of experimental conditions.
Since the LL-Triangle and LL-Rhombus geometries are similar, further comparison was performed with a toluene-water system with the presence of a surfactant, sodium dodecylbenzene sulfonate (SDBS). This was done in order to determine if the slug/drop flow regime could be eliminated in systems with interfacial tensions between that of n-butanol-water and toluene-water. Finally, to confirm the applicability of scale-up rules in micromixers [13] , the LL-Triangle mixer was tested with n-butanol-water and toluene-water systems at the larger mixer size 300. In all of the studies, the main objective was to determine which micromixer could generate drop flow (and therefore highest K org a) at the lowest average rate of energy dissipation for a given solvent system.
2.1. All Geometries Comparison 2.1.1. Visualization of Flow Regimes. In studying multiphase mixing in microreactors, it is important to first investigate the flow regimes that occur [11, 12, 14] . Previous work distinguished between three distinct flow regimes: slug, parallel, and drop flow [12] . In the present study, combinations of these flow regimes were observed at different flow rates in each of the reactors studied. In addition, dispersed flow is defined to be a subset of drop flow where droplets are too small to be resolved visually and are seen as an emulsion. It is important to note that this is not a meaningful change in flow regime but rather a qualitative point that can be observed visually. The flow regimes in the n-butanolwater systems for size 600 reactors are shown in Table 3 with the flow regime map in Figure 4 .
In the Sickle reactor plate, parallel flow was observed in some form from 1.0 to 7.0 mL/min, while both LL mixers avoided this flow regime due to the minimization of curvature in the design. In fact, the LL-Triangle achieved drop flow at flow rates as low as 1.0 mL/min, whereas the LL-Rhombus required at least 3.0 mL/min. Table 4 shows the flow regimes observed in the toluenewater system for all four geometries studied, and Figure 5 shows the flow regime map for the Sickle, LL-Rhombus, and LL-Triangle. The LL-Empty was not included in the map as it is not an obstacle-based micromixer and, therefore, has different flow regimes than the other mixers, as depicted in Table 4 .
As the toluene-water system has a greater interfacial tension than n-butanol-water, it is expected that higher flow rates are required for the onset of drop flow. In addition, parallel flow was not likely to be observed in any micromixers with this solvent system [12] . When comparing the Sickle to the two LL mixers with obstacles, the Sickle required higher flow rates to begin the break-up of slugs. While the onset of drop flow in the Sickle mixer occurs at 8 mL/min, the LL-Rhombus and LLTriangle were already in a slug/drop regime as early as 1.5 and 1.0 mL/min, respectively. This unstable transition regime has a significant improvement over the slug flow regime that is present in the Sickle in terms of the overall volumetric mass transfer coefficient, as will be discussed further. The visualization of the flow regimes in the LL-Empty (Table 4d) shows that an obstacle is required to avoid jetting through the reactor.
Analytical
Results from the Alkaline Hydrolysis of 4-NPA. In addition to studying the flow regimes visually, K org a can be measured analytically through the test reaction of 4-NPA [11] [12] [13] with NaOH due to the fast kinetics of the reaction [19] [20] [21] and the insolubility of 4-NPA in the aqueous NaOH solution (less than 2.5 mmol/L at 23°C). First, the different geometries are evaluated based on the conversion vs. total flow rate (Q tot ). These results are presented in Figure 6 for n-butanol-water (a) and toluene-water (b).
Most of the results follow a similar trend when increasing the flow rate. There is an initial decrease in conversion for the first flow rates below 3 mL/min, followed by a slight rise in conversion with flow. For n-butanol-water, the final increase reaches a plateau and begins to decrease with flow, whereas the conversion steadily increases with flow for the toluene-water system.
When studying these conversion data, note that there are competing factors when increasing the flow rate while in a given flow regime. Residence time decreases with flow, but the mass transfer rate increases with more energy being dissipated into the system through pressure loss. In a given flow regime, such as slug or parallel flow, the reduction in residence time is generally a greater factor, as indicated by the negative slopes in these regions. However, transitions between flow regimes can lead to a significant variation in interphase mass transfer rate, therefore, causing a pronounced change in conversion. This occurs in the transition to drop flow, where the specific area available for mass transfer increases substantially. For the toluene-water system in the drop flow regime, increasing flow can actually have an increase in conversion due to the reduction in droplet size outcompeting the reduction in residence time for flow rates above 5 mL/min.
In the toluene-water system, the LL-Triangle and LLRhombus perform similarly, with the exception of the slug/drop flow regime, which will be discussed further when directly comparing the two LL obstacles in section 2.2. For both solvent systems, the obstacles in the LL-Triangle and LL-Rhombus increased the conversion when compared with the LL-Empty as expected, since jetting was visible in Table 4d . This would create stagnant zones, reducing the surface area available for mass transfer.
It is important to recognize that the reacting volume in the Sickle plate is roughly double that of the three LL plates, causing the conversion for the Sickle to be significantly greater. However, the LL-Triangle results are particularly interesting, as the flow visualizations show that it achieves drop flow in n-butanol-water at the lowest flow rate (as seen in Table 3c and Figure 4 ). The benefit can clearly be seen in Figure 6a where the LL-Triangle, with half the residence time, has conversions in the range of the Sickle at low flows. The LL-Triangle also does not show any increase in conversion with flow rate because it has already reached the desired drop flow regime.
While the conversion vs. flow data is interesting in interpreting the flow regime results, it is more useful to look at the K org a vs. ε since these terms normalize for reactor volume and pressure loss across the length of the reactor, allowing for the direct comparison between different micromixers. The measured conversion can be related to the overall volumetric mass transfer coefficient with eq. (1) by assuming the following: interphase mass transfer rate is fully rate-limiting; the two phases are both considered in plug flow; and no-slip velocity of the phases.
The average rate of energy dissipation is defined in eq. (2) and represents the total flow rate normalized by the reactor volume and total pressure drop. It is based on the density of the continuous phase, which is the aqueous phase due to the wetted material being stainless steel or Hastelloy C22™.
Comparing K org a vs. ε allows for the analysis of different reactor geometries, regardless of total reactor volume or number of mixers, and highlights the most efficient geometry for generating a fine dispersion while using the least energy. The results for all four geometries with n-butanol-water and toluene-water can be seen in Figure 7 .
It is clear that both of the LL mixers with obstacles achieve higher K org a than the Sickle and LL-Empty mixers at low flow rates. In addition, the LL-Triangle benefits significantly in the n-butanol-water system due to the onset of the drop flow regime at low energy dissipations. In the toluene-water system, the slug/drop flow regime shows the only difference between the LL-Triangle and LL-Rhombus. Both mixers outperform the Sickle and LL-Empty in the low flow ranges and, once all mixers have reached drop flow, the K org a vs. ε converge, as expected [11] .
While the LL-Empty results seem to be an exception for the convergence of K org a vs. ε in drop flow, a possible explanation for the results to be consistently lower than the other plates could be due to dead zones from bypassing. This reactor volume is included in the calculation of K org a and ε, but no significant reaction is occurring. This further shows that the obstacles in the LL plates allow the geometry to better utilize the reacting volume.
It is interesting to note that the results in the slug/drop flow regime are not consistent between repeated runs with the Figure 8 shows four repeated runs with the LL-Rhombus and two with the LL-Triangle. It can be seen that the point at which the flow regime transitions from slug to drop flow is not a set energy dissipation but a range between 2 and 10 W/kg. This can be considered analogous to the single-phase transition from laminar to turbulent flow where, at a given Reynolds number between 2300 and 4000, either laminar or turbulent flow is observed [22] . The actual flow regime is subject to environmental factors such as the uniformity of the fluid's velocity or the wall roughness. It is possible that, in a two-phase system during the transition from slug to drop flow, the system was particularly sensitive to uncontrollable factors such as syringe changeover in the pumps (causing slight interruptions in flow every 5-30 s).
While stochastic variations from repeated experiment were sometimes observed, the specific flow regime for a given test is established readily once the flow rates from the pump achieve steady state (i.e., no lag time at start-up). Furthermore, the "development" of the flow regimes within the length of the reactor, if any, occurs in the first one to five mixing units (one for highest flow rates and five for lower flow rates as seen in V.3. in the Supporting Information).
Further Comparison of LL Mixers 2.2.1. Visualization of Flow
Regimes for the Toluene-Water with SDBS System. The comparison of the LL-Triangle and LL-Rhombus was continued because of their strong performance relative to the Sickle. To accomplish this, tests were performed with a toluene-water system with the addition of the surfactant SDBS. Since droplets were formed for all flow rates in the n-butanol-water system, but not toluene-water, it is important to know the flow regimes for systems with interfacial tensions between those solvent pairs. The toluene-water with SDBS was investigated to determine if the slug/drop flow regime could be avoided to allow for an earlier onset of drop flow. Table 5 and Figure 9 show the observed flow regimes and flow regime map, respectively, for the LL-Rhombus and LL-Triangle reactors. Indeed, the addition of surfactant significantly reduces the flow Figure 10 . These analytical results follow expected trends since Table 5 shows that the flow regimes in both LL mixers were drop or dispersed for all flow rates tested. Since both plates have the same total volume and are in the same flow regimes for both solvent systems, it follows that the conversions should be similar as well.
It is worth considering all three solvent systems together for the LL-Rhombus and LL-Triangle for the K org a vs. ε. Figure 11 shows evidently that the two mixer geometries perform similarly in the drop flow regime, but the LL-Triangle can reach that flow regime at lower flow rates/energy dissipations. The reason for this is most likely due to the flow's impingement against the base of the triangle obstacle, whereas the LL-Rhombus' obstacle uses a slicing mechanism of mixing. Looking at the visualizations for the lowest flows in Table 4 (b) and (c), it can be seen that the LL-Rhombus allows slugs to pass a single side of the obstacle while the LL-Triangle forces the slug to be split around it. Note that, if the obstacle forced a complete change in flow direction (e.g., a curved obstacle), this could potentially cause parallel flow due to differences in solvent densities [11] .
While it is interesting that the analytical results of K org a for the toluene-water with SDBS system eventually converge with the system without surfactant, it is not possible to say that the droplet sizes would be equal at the highest energy dissipation. There are several factors affecting the rate of interphase mass transfer when surfactant is present. For example, the surfactant can reduce the droplet size; however, this can be counteracted by a reduction in the mass transfer coefficient across the film (K org ) due to the known surface immobilization of the interface in liquid-liquid [23] and gas-liquid [24] [25] [26] systems. The key finding from testing with the surfactant was the ability to eliminate the unstable slug/ drop flow regime observed in the toluene-water system and obtain consistent and repeatable mass transfer coefficients.
2.3. Scale-up of LL Plates 2.3.1. Visualization of Flow Regimes. Previous work [13] studied the scale-up of the LL-Rhombus using the "3/7th" scaling rule to maintain constant rates of energy dissipation at flow rates roughly 10 times those in the size 600. This led to mixers designed with a hydraulic diameter of 714 μm in the size 300 mixers. Plouffe et al. showed that the scale-up of the LL-Rhombus achieved similar overall volumetric mass transfer coefficients for constant energy dissipations at both scales when in the drop flow regime. This was because the continuous phase is likely turbulent in the drop flow regime where chaotic eddies dissipate their energy partly via the creation of interfacial area, which leads to smaller drop sizes that are no longer function of the channel diameter such as for slugs. In order to confirm the application of the scale-up rule, a size 300 LL-Triangle plate was manufactured and tested with n-butanol-water and toluene-water systems for flow rates from 10 to 150 mL/min. Figure 12 shows the flow regime map for the various solvents; directly comparing the LL-Rhombus and LL-Triangle for the scaled-up mixers. The observed flow regimes follow a similar trend to what was seen in the size 600 mixers (with Q 300 ≅ 10 × Q 600 ). Again, the LLTriangle achieved the drop flow regime at the lowest flow rate studied in n-butanol-water, while the flow regimes were quite similar between the two mixers for the toluene-water system. The dispersed flow regime for n-butanol-water in the LL-Triangle is shown in V.3. in the Supporting Information for 10 and 50 mL/min.
Analytical
Results from the Alkaline Hydrolysis of 4-NPA. While the analytical results for the scale-up of the LLRhombus are presented in previous work [13] , it is important to confirm the results for the novel LL-Triangle. Figure 13 shows the K org a vs. ε for both sizes 600 and 300 in n-butanol-water and toluene-water systems, the two systems with the widest range of interfacial tensions. While there are some differences between the two scales, particularly at low flow rates, the plates generally follow the same trend and, in the drop flow regime, converge to similar values as expected when applying the "3/7th" scaling rule.
Additionally, when comparing the K org a vs. ε for the LL-Rhombus and LL-Triangle in the size 300 mixers, similar trends are observed as in the size 600. Figure 14 shows that the LL-Triangle is still more effective than the LL-Rhombus at low flows, but otherwise, they are quite similar. Not only does this further prove the applicability of the "3/7th" scale-up rule for LL-mixers but also it shows that the LL-Triangle is an effective tool for the process development of new mass-transfer-limited reactions to larger scales.
It is important to note that size 300 mixers are intended to be used on a larger microreactor system than the FlowPlate® Lab (size A7) and they were manufactured primarily for flowvisualization purposes. The scaled-up reactor plates can only fit 21 mixing units whereas, for example, the FlowPlate A6 system could fit 113 mixers. There is presumably a minimum number of mixers required to reach a given fully developed flow regime, and this entrance region in the size 300 A7 plate is likely significant when comparing with results from size 600 plates.
Additionally, the FlowPlate® Lab (size A7) system inlet and outlet ports are on the same order of magnitude in hydraulic diameter as the size 300 mixers, and with the higher flows being studied, it is no longer applicable to assume that the energy dissipation, and therefore the mixing, in the outlet is negligible.
Conclusions
Several obstacle-based micromixer geometries were studied with up to four different solvent-pair systems for two different mixer sizes. The liquid-liquid systems were observed and classified based on some combination of the following flow Figure 12 . Flow regimes vs. flow rate for the size 300 LL-Rhombus and LL-Triangle in n-butanol-water and toluene-water systems (lowest flow rate was 10 mL/min) Figure 13 . Overall volumetric mass transfer coefficient vs. average rate of energy dissipation for n-butanol-water (dark blue) and toluenewater (light green) systems with the size 600 (○) and 300 (□) LLTriangle mixer using the alkaline hydrolysis of 4-NPA Figure 11 . Overall volumetric mass transfer coefficient vs. the average rate of energy dissipation with various solvents for the size 600 LL-Rhombus (light solid line) and the LL-Triangle (dark dashed line) using the alkaline hydrolysis of 4-NPA Figure 14 . Overall volumetric mass transfer coefficient vs. the average rate of energy dissipation for n-butanol-water (light) and toluene-water (dark) systems with the size 300 LL-Rhombus and LL-Triangle using the alkaline hydrolysis of 4-NPA regimes: slug flow, parallel flow, or drop flow. For applications in fast liquid-liquid reactions, drop flow is the ideal flow regime due to the increased specific area available for interphase mass transfer. The alkaline hydrolysis of 4-nitrophenyl acetate was used as a test reaction to measure analytically the overall volumetric mass transfer coefficients in the various mixers. The micromixers were evaluated based on the K org a plotted vs. the average rate of energy dissipation to determine the most efficient mixer design (i.e., the mixer with the earliest onset of drop flow).
In the flow range of 1-20 mL/min, the novel LL-Triangle micromixer design was shown to perform equally well as or better than any of the other micromixers studied in all solvent pairs investigated, namely, the Sickle, the LL-Rhombus, and the LL-Empty. The benefits for this mixer were most clearly observed at low flow rates for low interfacial tension systems, such as n-butanol-water, where the drop flow regime was observed at the lowest energy dissipation. In the toluene-water system, both LL-mixers performed similarly, with a slug/drop flow regime observed for low flows. It was possible to avoid this transition regime with the use of a surfactant in the toluenewater system. Drop flow was observed in both LL-mixers at lower energy dissipations than the Sickle mixer, and unwanted parallel flow was avoided due to the reduced curvature.
The results were reproduced in a larger scale LL-Triangle for flow rates between 10 and 150 mL/min where the LL-Triangle achieved drop flow again for all flow rates studied in n-butanolwater. The overall volumetric mass transfer coefficients were similar to those obtained at equal energy dissipations in the smaller scale in the drop flow regime, indicating that the LL-Triangle micromixer is excellent for the process development and scale-up of fast liquid-liquid reactions. Finally, for liquid-liquid reactive systems, this work nicely shows that a flow visualization is of prime importance to enable determination of the proper flow regime and ensure consistent scale-up.
Experimental
The experimental and HPLC analytical methods used are similar to those used in previous work by Plouffe et al. [11] [12] [13] with differences in the specific reactor plates and solvents used. The specifications for the specific reactor plates can be found in Tables 1 and 2. 4.1. Equipment Setup 4.1.1. Size 600 Experimental Setup. For the size 600 tests, the Ehrfeld MMRS was used with Lonza FlowPlate® Lab reactors made from either stainless steel 316 or Hastelloy C22™. The setup can be seen in Figure 15 . The system was fed the aqueous and organic solutions using two Syrdos (HiTec Zang) pumps with 5 or 2.5 mL syringes. Endress-Hauser Coriolis flow meters were used to measure the mass flow rates, and 25 or 6 bar Wika M-11 pressure transducers measured the pressure difference from the inlet to the outlet of the reactor. The system was kept at ambient temperatures using a Huber Ministat 125 thermal bath.
4.1.2. Size 300 Experimental Setup. The setup for the size 300 scaled-up mixers was identical for the size 600, except that Ismatec Reglo-Z gear pumps were used for the higher flow rates.
4.1.3. Solvent Systems. The physical properties of the aqueous and organic phases used can be found in Table 6 . For tests with sodium dodecylbenzene sulfonate (SDBS), 0.018 g of SDBS was added to 1 L of 0.5 M NaOH solution. This was an arbitrary amount chosen after visually testing the mixing of different concentrations of SDBS in toluene-water solutions. The SDBS was added to the aqueous phase to avoid the risk of any reaction between the surfactant and the 4-NPA reactant before entering the reactor. The feed solution was kept mixed to ensure the SDBS concentration remained constant during the experiment.
4.2. Test Reaction: Alkaline Hydrolysis of 4-Nitrophenyl Acetate. The two-phase alkaline hydrolysis of 4-nitrophenyl acetate (4-NPA, Scheme 1) was used to analytically measure the overall volumetric mass transfer coefficient of a given mixer. It has been shown that the kinetics have an intrinsic rate constant of 14.0 L/(mol s) for a second order reaction [19] [20] [21] . Using a 0.5 mol/L concentration of NaOH in water and 0.05 mol/L of 4-NPA in whichever organic solvent was being tested allowed for a 10:1 molar ratio of NaOH to 4-NPA (due to equal volumetric flow rates), causing pseudo-first order reaction Figure 15 . Size 600 microreactor experimental setup conditions. In addition, the product, 4-nitrophenolate, would turn the alkaline aqueous phase yellow when present, allowing for a visual distinction of the extent of reaction. Flow visualizations were taken using the reactor sight glass with a Nikon D40x "kit" camera fitted with an AF-S DX Zoom-Nikkor 18-55 mm f/3.5-5.6 G ED II lens, and the flow regimes were noted. A single experiment consisted of 7-9 flow rates being tested after flushing the system with reactants for 5 min at 10 mL/min. Once a new flow rate was set, the system was left at least three residence times to reach steady state before taking the sample. If three residence times last less than 2 min, 2 min was left between the change of flow rate and sampling to give the operator sufficient time to prepare the next sample or take photographs of the flow regime if required. The sample time for a given flow rate was the largest of three residence times or 5 s. Samples were taken at the outlet into a quench solution: an agitated mixture of acetonitrile, water, and acetic acid that homogenized and neutralized the reactor effluent. The quench solution composition was based on the particular solvent since different amounts of acetonitrile are required to homogenize the outlet sample. The samples were analyzed with an HP Agilent 1100 series HPLC system with a 250 mm × 4.6 mm i.d. Agilent Zorbax SB-C8 at room temperature. 
